Prediction of blast furnace hearth condition: part I -a steady state simulation of Prediction of blast furnace hearth condition: part I -a steady state simulation of hearth condition during normal operation hearth condition during normal operation Abstract Abstract A coupled flow and refractory model (CFRM) has been upgraded to assist engineers in understanding and interpreting the measured refractory temperature distributions in the hearth of a blast furnace hearth. CFRM describes the liquid flow distribution and heat transfer in the hearth, allowing various scenarios to be simulated involving coke bed properties, extent of hearth refractory wear, etc. The model was validated through comparison between measured refractory data and corresponding model predictions for the early stages of the current BlueScope's No. 5 Blast Furnace campaign. For the current campaign, the actual range in measured pad temperature fluctuation over a short time period is shown to be well within the temperature difference expected for typical coke bed movement, i.e. between sitting and floating bed conditions. Over a longer time span, a consistent evolution of the refractory wear is suggested and this is imposed to elucidate the increase in overall hearth pad temperature.
Introduction
The hearth occupied by hot metal, slag and coke, is a critical zone of blast furnace. During normal operations, the inner state of the hearth, for example, fluid flow and coke bed condition, directly influences the casting performance and hot metal quality. More critically, the blast furnace campaign life is often dictated by the hearth refractory condition/wear. During BF shutdowns, particularly for an extended time (~100 hours or more), the hearth cooling could significantly affect the hearth condition if the remaining liquid iron in the hearth cooled sufficiently to solidify during the shutdown period. Hence, it is important to develop a better understanding of hearth condition and corresponding wear control strategies.
Internally, it is impossible to directly measure the liquid flow, coke bed structure and the hot face refractory profile because of the high temperature conditions in the hearth. In practice, the refractory temperature distribution is extremely valuable in indicating the coke bed state and refractory erosion -for example, the cyclic variation in refractory pad temperature can be understood in light of the coke bed vertical movement. However, these temperature variations cannot sufficiently illustrate the internal liquid flow distribution and relevant bed structure. In this respect, Part I and II [1] in this two part series will apply numerical modelling to help understand the internal state of the hearth during normal furnace operation and long maintenance shutdown periods.
For normal operations, mathematical modelling, often coupled with physical modelling, has played an important role to interpret the refractory temperature distribution in terms of liquid flow distribution, coke bed properties, hearth wear condition, and so forth [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Turbulence flow was ignored in earlier research [2] [3] [4] [5] [6] [7] [8] . Later, the inclusion of the buoyancy force and k-ε turbulence model in the simulation provided a real coupling between the flow and heat transfer, providing models more suitable for general use [10] [11] [12] [13] [14] . More recently, the Shear Stress Transport (SST) turbulence model has been applied to further enhance the simulation of near-wall flow in the hearth [15] .
The Coupled Flow and Refractory Model (or CFRM) was developed by BlueScope Steel Research to describe the flow of liquid iron coupled with liquid-refractory heat transfer in the blast furnace hearth [10, 11, 13] . CFRM was used throughout the last campaign of BlueScope's No. 5 Blast Furnace (BF5) to evaluate the condition of the hearth coke bed, refractories, etc. For the current campaign, the CFRM model has been reformulated and validated using ANSYS-CFX 14.5. In addition, the design changes in BF5's (4th campaign) hearth geometry including liquid bath depth and refractory arrangements, have been incorporated. This paper details the upgrade and subsequent application of CFRM, a typical steady state numerical model used to interpret hearth refractory temperatures and understand in-furnace phenomena during normal operations in the current campaign of BF5.
Mathematical modelling and boundary conditions

Governing equations
The simulation of fluid flow and heat transfer in the hearth involves the solution of a fluid flow and conjugate heat transfer problem i.e. in both fluid domain (liquid bath) and solid domain (refractory). The solution fields in fluid and solid domains are fully coupled through the energy conservation at the interface between the different domains. The general governing equations for mass, momentum and energy transfer are given in Table 1 . Table 1 , the following assumptions have been made in the mathematical modelling:
As shown in
• The fluid flow and heat transfer in the hearth are at a steady state • Only liquid iron is considered as the fluid phase • The liquid iron and the coke particle in the fluid domain are at the thermal equilibrium • As the liquid iron flows through the porous media, the thermal dispersion caused by tortuous path is isotropic Apart from the above assumptions, special treatments have also been applied in the governing equations to consider the effects of porous media, natural convection and turbulence on the fluid flow and heat transfer in the hearth. These are listed as follows.
• Porous media Due to the existence of coke particles, the casting of hot metal is a typical fluid flow in porous media. The volume-averaged continuity, momentum and energy equations have been developed. The interaction between liquid and coke particle is modelled through Ergun's equation [16] . The empirical correlation given by Kuwahara and Nakayama [17] in the transverse direction was applied to account for thermal dispersion as the liquid iron flows through the porous media. • Natural convection Because the fluid flow in the hearth is determined by both forced and natural convection [5, 18] , the buoyancy force, i.e. � − � , caused by the density variation due to the thermal expansion, has been considered in the momentum equation.
, a constant reference density, is set to be the density of liquid iron at 1550°C. For this study, = 6825 kg·m -3 .
• Turbulence flow
The K-omega based Shear Stress Transport (SST) model [19, 20] is applied to predict the effect of flow variation in time and space on flow characteristics. The SST model works by solving a k-omega model near the wall and k-epsilon model in the free stream. It is expected to more accurately predict the near-wall flow and heat transfer. The eddy viscosity, , calculated by SST model, is used to account for the turbulence effect, which has been implemented in momentum and thermal energy equations.
Computational domain and material properties
For the casting through one taphole of furnace, the liquid flow and heat transfer in the hearth is symmetric. The symmetry plane can be defined by the hearth centreline and the taphole. So, in order to improve the computational efficiency, only half of the hearth is modelled. The hearth geometry of BF5 and the thermocouple locations are shown in Fig. 1 . The hearth of furnace is ~10.6 m in the inner diameter.
All the thermocouples are within the carbon blocks ( Fig. 1 ), the general arrangement of which is shown (by the dots) in the pad and along the sidewall. There are three horizontal layers of thermocouples in the hearth pad and two vertical layers in the hearth sidewalls at different levels. Note that only the outer layer of thermocouples in the sidewall is shown in Fig. 1 .
The computational domain is composed of a liquid (molten iron) domain and a solid (refractory) domain. Because there is a complex coupling between liquid flow and heat transfer in the liquid iron bath, a fully structured hexahedral mesh in the liquid bath was generated as shown in Fig. 2(a) , which attempts to improve the solution accuracy and also reduces the number of elements, faces and edges in the simulation. For the refractory part of hearth, as shown in Fig. 2(b) , only a tetrahedral un-structured mesh was applied as there are no convergence issues in terms of heat conduction in the solid domain (refractory).
Typical material properties used in the simulation for liquid iron, hearth refractory and coke bed are listed in Table 2 . Most properties are temperature (T)-dependent. Coke particles with a 0.03m diameter are uniformly distributed in the bed. A coke bed porosity of 0.35 was used. In the simulation, carbon content of iron is assumed to be 3.75 wt%. The temperature dependent property of refractory conductivity is obtained based on the provided discrete temperature values. Below the solidus temperature of 1150°C, the solidification of iron is modelled using a high viscosity [15] . The following expression for viscosity of iron was applied:
Boundary conditions
In the current campaign of BF5, there is a clear cyclic variation of temperatures in the hearth pad as shown in Fig. 3 . With regards to the local minimum and maximum temperatures, five typical scenarios have been selected for analysis, denoted by arrows in Fig. 3 and listed as follows: The implementation of boundary conditions is as follows:
• Inlet
At the inlet boundary, the liquid iron temperature is set to a constant temperature, typically 1550°C. The inlet flowrate is uniformly distributed and adjusted to match the daily production.
• Outlet
Pressure outlet boundary condition is set at the taphole outlet.
• Wall
The outer face of the side-wall is aligned with the wall thermocouples and the bottom wall aligned with pad thermocouples at GL+2906, the lowest row of thermocouples, which guarantees the temperature reading from these thermocouples can directly give the boundary condition for the side and bottom walls.
• lnterface
Heat transfer through the interface is set to conservative interface flux, guaranteeing a seamless transfer through the boundaries of different domains.
• Coke bed
The liquid domain includes the coke bed, coke free layer (CFL) and taphole. The CFL depends on the coke bed position. In the simulation, for each scenario, the different coke bed positions (floating, sitting or coke bed with gutter) have been assumed and tested.
Convergence crtiteria
The numerical computations were performed with the general purpose computational package ANSYS-CFX 14.5, a finite volume based CFD software. The convergence is set via the following criteria:
• As a first indication for the convergence of the solution towards steady state, the root mean square (RMS) normalized values of H-Energy and K-TurbKE residuals are less than an acceptable value (4×10 -5 ). • The global imbalances of mass, momentum and energy in the computational domains are less than 1%. • At the monitoring point, the absolute temperature change of the central pad temperature (GL+3907) every 1000 iterations is less than 0.5°C.
Results and discussion
Typical simulation results and validation
The fist computational run simulating the fluid flow and heat transfer in BF5's hearth was carried out for the operational conditions on 10 September 2009 (Scenario 1) when the central plug temperature decreased to a local minimum for the first time in the campaign (Fig. 3, point 1) . Two different coke bed states have been assessed: (a) a fully sitting coke bed, and (b) a floating coke bed with ∆H = 0.6 m. Note that ∆H refers to the minimum height of coke free layer above the pad and the underside of the coke bed is hemi-spherically shaped. The calculated temperature distributions corresponding to these coke bed states are shown in Fig. 4 . Within the solid (refractory) domain, the overall temperature distribution patterns are comparable despite different absolute values. A large temperature gradient exists within the upper ceramic cup and near the taphole, and the temperature then propagates to the external hearth wall. The influence of the taphole on the temperature distribution in the lower part of hearth refractory is limited.
However, in the liquid (iron) domain, the temperature distributions are quite different for the above two coke bed states. For the fully sitting coke bed case, the temperatures in the lower part of hearth changes significantly. Over a vertical height of 1.5 m, the temperature difference is approximately 400°C. In contrast, for the floating coke bed case, the temperature in the liquid iron bath is relatively uniform. These temperature distributions highlight the significant effect of coke bed states on the heat transfer in the hearth.
In order to better understand the temperature distribution in the liquid iron bath, the velocity field and streaklines are shown in Fig. 5 . All the results show a fast moving region near the upper part of hearth. In the near-taphole region, most of the liquid iron flows directly towards the taphole (from the inlet boundary) reflecting the strong forced convection; on the opposite side of taphole, the liquid flows preferentially towards the wall, mainly driven by the strong thermally-driven buoyancy force near the wall. Due to the hearth cooling, the liquid near the wall continuously loses enthalpy through the wall, resulting in both liquid iron temperature and density changes, which drives the fast liquid flow near the wall.
In the lower part of hearth, the flow behaviour is quite different for the various coke bed positions. For the sitting coke bed, a stagnant region is formed in the lower part of hearth. Heat transfer in this region is dominated by heat conduction and thermal dispersion, which explains the higher temperature gradients present. For the floating coke bed, the low flow resistance in the coke free layer results in much higher iron flow near the hearth pad. Hence, more liquid can flow directly from the top inlet to the coke free layer. The enthalpy (heat) transport in the hearth is dominated by convection and hence, the temperature distribution is relatively uniform and much higher than with a sitting coke bed (Fig. 4) .
In BF5, a total of 67 thermocouples are distributed across three levels in the hearth pad, i.e. GL+2906, GL+3406 and GL+3907. As mentioned in Section 2.3, the temperatures at GL+2906 are applied and used as the bottom wall boundary condition. Temperatures at the other levels, i.e. GL+3406 and GL+3907, are used for model validation. The comparison between model results and measured temperatures for 10 September 2009 are shown in Fig. 6 . For the sitting coke bed, Figs. 6(a), very good agreement with dayaveraged measured data is shown. The measured temperatures are slightly asymmetric, likely to be a result of slight differences in refractory arrangement and/or thermocouple position. For the floating coke bed case, the predicted temperatures are higher than measured, particularly at the highest level (GL+3907).
In summary, the above comparison demonstrates that the sitting coke bed is the most likely hearth condition for this early period in BF5's campaign. Although the effect of other factors such as coke particle size and bed porosity distribution cannot be fully excluded, the good agreement between measured and predicted data for a sitting bed does support this set-up of the hearth geometry/meshing and the feasibility of proposed numerical model.
Interestingly, if we examine more closely the flow in the upper part of hearth using a three-dimensional streakline distribution plot, Fig. 7 , it is clear that although the liquid iron enters the hearth uniformly, the flow behaviour is still quite complex. Particularly near the sidewall, rather than flowing directly towards the taphole, the liquid entering the hearth flows towards the wall and then either directly, or around the periphery, towards the taphole. A consequence of this flow distribution is the intensive flow near the taphole and associated high shear stresses in the middle of the hearth sidewall along the vertical direction; this confirms the conclusion based on the observation of the flow field shown at the symmetric plane of Fig. 5(a) .
To further illustrate the effect of buoyancy force on the near-wall flow behaviour, Figure 8 shows the local velocity field near the taphole and on the opposite side. On the opposite side of the taphole, the near wall velocity of liquid iron increases as the elevation decreases. Due to the relative stagnant flow in the lower part of the hearth, the flow abruptly turns towards the taphole which causes the highest shear stresses in the middle of sidewall. A closer examination of the velocity field shows that a very thin film of liquid iron near the wall penetrates the stagnant flow region near the bottom of hearth. It is also worth noting that there is a significant velocity increase near the refractory steps which were present at this point in the campaign, which is mainly buoyancy force driven.
Analysis of plug temperature trend in a long term
In Section 2.3, the hearth pad temperature trend over the first five years of the current BF5 campaign was introduced ( Fig. 3) . Over a shorter time span, the pad temperature fluctuations observed are mainly due to the change in flow distribution related to different coke bed conditions. Over a longer time span, the temperature variation is also influenced by the hearth pad wear. Hence, the campaign life of BF5 hearth is closely linked to peak pad temperatures. Since the start of the current campaign, a number of typical scenarios have been selected for analysis and understanding of peak temperatures. For each scenario, with essentially intact hearth geometry, various coke bed conditions, sitting or floating, have been assumed and tested using CFRM.
Amongst the numerous cases studies, the best comparisons are shown in Fig. 9 , together with the schematic of corresponding coke bed positions. Early in the campaign, the assumption of a sitting coke bed with large gutter and a floating coke bed with a CFL 0.3 m high results in a very good comparison between predicted and measured refractory temperatures ( Fig. 13 -Scenario 2&3) . With a hearth geometry assumed to be intact, the peak temperatures observed are clearly caused by the intensive liquid flow distribution generated as the coke bed floats upward.
For Scenario 4 (2 May 2011), the slight increase in the maximum pad temperature suggests a coke bed with a higher CFL (0.6m is assumed) or some minor wear of the hearth pad. Considering there is a long period with a small temperature fluctuation, 2 May 2011 -12 April 2012, the higher position of the floating bed appears to be a reasonable assumption. However, for Scenario 5 (9 February 2013), the measured pad temperature is higher compared with model predictions with a CFL of 0.6m and it indicates that the hearth pad has experienced some wear.
Hence, in a longer term, hearth refractory wear and coke bed condition cannot be completely differentiated; however, it is essential that a consistent evolution of the refractory wear, in particular, must be imposed on such an analysis.
Conclusion
Coupled Flow and Refractory Model (CFRM) has been upgraded based on a new and improved CFX platform, the new hearth geometry of BlueScope's No. 5 Blast furnace and the Shear Stress Transport turbulence model. In this paper, the role of the thermally-induced buoyancy flow is highlighted since this causes a more complex iron flow distribution in the hearth. The model is validated through a comparison between measured refractory data and model predictions. The actual range in measured pad temperature fluctuation is well within the temperature difference related to the coke bed movement from a sitting to a floating bed condition. 
Nomenclature
For heat transfer in the refractory solid domain Thermal energy equation 
